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Abstract

Visual working memory (WM) must maintain relevant information, despite the constant influx of both relevant and
irrelevant information. Attentional control mechanisms help determine which of this new information gets access to our
capacity-limited WM system. Previous work has treated attentional control as a monolithic process—either distractors
capture attention or they are suppressed. Here, we provide evidence that attentional capture may instead be broken down
into at least two distinct subcomponent processes: (1) Spatial capture, which refers to when spatial attention shifts towards
the location of irrelevant stimuli and (2) item-based capture, which refers to when item-based WM representations of
irrelevant stimuli are formed. To dissociate these two subcomponent processes of attentional capture, we utilized a series
of electroencephalography components that track WM maintenance (contralateral delay activity), suppression (distractor
positivity), item individuation (N2pc), and spatial attention (lateralized alpha power). We show that new, relevant
information (i.e., a task-relevant distractor) triggers both spatial and item-based capture. Irrelevant distractors, however,
only trigger spatial capture from which ongoing WM representations can recover more easily. This fractionation of
attentional capture into distinct subcomponent processes provides a refined framework for understanding how distracting
stimuli affect attention and WM.
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.Introduction
A critical feature of working memory (WM) is to protect internal
representations from external interference, For example, when
driving, the WM representation of our route must be maintained
despite irrelevant external interference, such as a flashing col-
orful billboard. Nevertheless, external information is sometimes
relevant, and WM must integrate this new information with
our ongoing WM representations. For example, a flashing sign
warning us of a car accident ahead may capture our attention—
but to our advantage. This new information allows us to update
our WM representation of our route in order to avoid traffic
caused by the car accident. Attentional control mechanisms

help determine which information gets access to our capacity-
limited WM system.

Models of attentional control suggest that attentional selec-
tion is based on a competitive process (Duncan and Humphreys
1989; Bundesen 1990) in which both goal-driven and stimulus-
driven factors determine which information is selected from
a given display (Wolfe and Horowitz 2004; Posner et al. 2004;
Jonides and Irwin 1981; Posner and Petersen 1990; Folk et al. 1992;
Desimone and Duncan 1995; Egeth and Yantis 1997; Itti and Koch
2000; Kastner and Ungerleider 2001; Corbetta and Shulman 2002;
Awh et al. 2012). However, can goal-driven attentional selection
override stimulus-driven capture? Some previous research has
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suggested that salient irrelevant distractors capture attention
before it can be suppressed (Hickey et al. 2009; Sawaki et al. 2012;
Feldmann-Wüstefeld and Schubö 2013; Liesefeld et al. 2017).
Based on this, they argue that attentional capture is obligatory
because salient information needs to be processed before being
discarded. Other research suggests that distractor suppression
can prevent attentional capture (Gaspar and McDonald 2014;
Gaspelin et al. 2015, 2017; Gaspelin and Luck 2018; Feldman-
n-Wüstefeld et al. 2020). This work has found that, for example,
participants make fewer erroneous eye movements towards
(Gaspelin et al. 2017) and are less likely to report the identity of
(Gaspelin et al. 2015) a successfully suppressed salient distractor
than a less salient distractor that was not suppressed. Although
these appear to be conflicting perspectives, we suggest here that
they might be reconciled by distinguishing between two distinct
forms of attentional capture.

Attentional capture and suppression are often treated as a
monolithic process: The onset of a stimulus results in either cap-
ture or suppression of the novel information. However, recent
work suggests that attention may include two distinct subcom-
ponent processes: attention to regions in space and represen-
tations of objects that occupy the attended regions (Prinzmetal
et al. 2009; Zivony and Lamy 2018; Hakim et al. 2019a; Maxwell
et al. 2020). In line with these studies, we propose that involun-
tary attentional capture may also be broken down into at least
two distinct subcomponent processes: (1) Spatial capture, which
refers to when spatial attention shifts towards the location
of irrelevant stimuli and (2) item-based capture, which refers
to when item-based representations of distracting stimuli are
formed in WM. In the current work, we obtained electroen-
cephalography (EEG) evidence to directly test whether spatial
capture is distinct from item-based capture.

We separately measured spatial and item-based capture
using EEG markers of spatial and item-based attentional
capture. We used lateralized alpha power (8–12 Hz) to track
spatial capture (Foster et al. 2016; Hakim et al. 2019a). This
oscillatory signal has been shown to track attended hemifield
(Hakim et al. 2019a) and has been shown to contain precise
spatial information about attended stimuli (Foster et al. 2016,
2017) (We would like to note that there is a strong consensus
that the locus of attention is reflected in the topography
of alpha power (Foster et al. 2016, 2017; Hakim et al. 2019).
However, further research is needed to understand the complex
interrelationship between alpha power and object-related
representations (see alpha power results from Hakim et al.
2019a)). To track item-based capture, we used the contralateral
delay activity (CDA) and the distractor positivity (PD). The
CDA tracks the number of items maintained in WM (Luria
et al. 2016; Balaban and Luria 2017), whereas the PD tracks
the suppression of irrelevant information (Hickey et al. 2009;
Feldmann-Wüstefeld and Schubö 2013; Burra and Kerzel 2014),
while also being sensitive to the number of irrelevant items that
are presented (Feldmann-Wüstefeld and Vogel 2018).

We used these EEG signals to assess how salient items with
a sudden onset (distractors) are processed when subjects are
maintaining relevant information in WM. In addition, we manip-
ulated the task relevance of the new, distracting information to
compare how each type of attentional capture is influenced by
goal-driven selection. Finally, although past work has typically
focused on competition between simultaneously presented tar-
gets and distractors, here we focused on how task-relevant and
task-irrelevant distractors (We would like to note that previous

work has used the term “distractor” to refer to task-irrelevant
information and “interrupter” to refer to task-relevant informa-
tion (Trafton et al. 2003; Clapp and Gazzaley 2012). Here, we
chose to use the terms “task-relevant distractors” and “task-
irrelevant distractors” in order to emphasize our main experi-
mental manipulation of relevance. This terminology also aligns
with the existing attention capture literature (Spinks et al. 2004;
Olivers et al. 2006; Hollingworth and Beck 2016).) influence the
maintenance of items that have already been stably encoded
into WM. This provided the opportunity to obtain clear evidence
regarding the degree to which distractors elicited spatial and
item-based attentional capture, and the distinct impact of task
relevance on each form of capture.

Prominent models of attentional control assert that visually
selected stimuli should automatically gain access to WM at
least for a short period of time (Bundesen et al. 2005). Moreover,
previous research has shown that a sudden onset of salient but
irrelevant information captures attention (Yantis and Jonides
1984; Franconeri and Simons 2003; Theeuwes 2010; Feldman-
n-Wüstefeld et al. 2015) and that this negatively impacts ongoing
WM representations (Bisley and Goldberg 2010; van Moorselaar
et al. 2017; Hakim et al. 2019b). Does this distraction of WM main-
tenance reflect an obligatory encoding of this new information
into WM? To anticipate the results, we observed clearly distinct
effects of task relevance on spatial and item-based attentional
capture. Continuous tracking of alpha laterality showed that
spatial attention was captured by distracting stimuli, regardless
of whether they were relevant or not. In sharp contrast, item-
based attentional capture was completely determined by task
relevance. Task-relevant distractors were encoded into WM, as
shown by N2-posterior-contralateral (N2pc) and CDA signals
that tracked item individuation and WM maintenance, respec-
tively. By contrast, a PD was observed contralateral to the task-
irrelevant distractors and no CDA was observed. Thus, task-
irrelevant distractors were not actively encoded into WM, even
though they clearly captured spatial attention. Thus, our find-
ings offer a potential reconciliation of prior conflicting findings
by showing that the encoding of distracting information into
WM can be suppressed even when there is clear evidence that
spatial attention has been captured.

Materials and Methods
Experiment 1

In Experiment 1, we sought to determine how task-relevant
versus task-irrelevant distractors are processed. To this end,
we presented memory array items along the midline and
presented distractors laterally. This allowed us to isolate the
neural representations of the distractors themselves. With this
design, any lateralized signal, such as CDA or lateralized alpha
power, should reflect the processing of the distractors and not
the memory array.

Previous research has shown that active representations may
be required for the identification of relevant stimulus features
(Mazza et al. 2007; Mcdonald et al. 2013). Therefore, we predicted
that when participants had to discriminate the task-relevant
distractors (discriminate condition), they would be more likely
to encode them into WM than when task-irrelevant distractors
were presented (ignore condition). Accordingly, there should be
a CDA following task-relevant, but not following task-irrelevant
distractors. Conversely, when participants could ignore the
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task-irrelevant distractors, we predicted that they would actively
suppress them, as their features do not need to be identified.
The PD has been shown to track suppression of irrelevant
information (Sawaki and Luck 2012; Feldmann-Wüstefeld and
Schubö 2013; Burra and Kerzel 2014). Therefore, we should
expect to find a robust PD when participants ignore the task-
irrelevant distractors, but not when they discriminate the
task-relevant distractors.

Participants
A total of 30 novel volunteers, naïve to the objective of the
experiment, participated for payment ($15 USD per hour). Data
from one participant was excluded from the analysis because
of technical issue with the behavioral data file. Data from
nine participants were excluded from the analysis because
of too many artifacts that resulted in fewer than 150 trials in
any condition. The remaining 20 participants (six male) were
between the ages of 21 and 31 [M = 23.5, standard deviation
(SD) = 3.3]. Participants in all experiments reported normal
or corrected-to-normal visual acuity as well as normal color
vision. All experiments were conducted with the written
understanding and consent of each participant. The University
of Chicago Institutional Review Board approved experimental
procedures.

Stimuli
All stimuli were presented on a gray background (∼33.3 cd/m2).
Cue displays showed a central fixation dot (0.2◦ × 0.2◦). Memory
displays showed four colored squares (1.1o × 1.1o, mean lumi-
nance 43.1 cd/m2) along the midline with a randomly jittered
horizontal offset of maximally 0.55◦ (half of an object). Colors for
the squares were selected randomly from a set of 11 possible col-
ors (red = 255, 0, 0; green = 0, 255, 0; blue = 0, 0, 255; yellow = 255,
255, 0; magenta = 255, 0, 255; cyan = 0, 255, 255; purple = 102, 0,
102; brown = 102, 51, 0; orange = 255, 128, 0; white = 255, 255,
255; black = 0, 0, 0). No color was repeated. On 50% of trials, the
retention interval display remained blank with a central fixation
dot (0.2◦ × 0.2◦). However, on the other 50% of trials, during the
delay the distracting stimuli appeared laterally. On one side of
the screen, four colored circles (25% of all trials) or four squares
(25% of all trials) appeared during the delay. Items from these
colors were chosen from the say 11 possible colors, but were
never the same as the memory array items on a given trial.
In addition, these items had the same area as the items from
the memory array. On the other side of the screen, four gray
diamonds appeared [red, green, blue (RGB) = 80, 80, 80] at the
same time as the colored circles/squares. These gray diamonds
were the same area as the colored circles/squares. The gray
diamonds were also luminance matched (i.e., iso-luminant) to
the average of the colored circles/squares, so as to achieve a
comparable bottom-up saliency. We presented these gray dia-
monds so as to match the bottom-up visual stimulation on
both sides of the screen. The hemifield in which the diamonds
and the hemifield in which the colored circles/squares were
presented were randomly selected in each trial. All stimuli had
the same area. Probe displays showed one colored square along
the midline in the same location as one of the memory array
items, randomly picked, in the original array. In 50% of the trials,
the color of the square in the attended hemifield was identical
(no change trial) to the memory display. In the remaining 50%

of trials, it was one of the colors not used in the memory or
distractor display (change trials).

Apparatus
Participants were seated with a chin rest in a comfortable chair
in a dimly lit, electrically shielded and sound attenuated cham-
ber. Participants responded with button presses on a standard
keyboard that was placed in front of them. Stimuli were pre-
sented on an LCD computer screen (BenQ XL2430T; 120 Hz
refresh rate; 61 cm screen size in diameter; 1920 × 1080 pixels)
placed at 74 cm distance from participants. An IBM-compatible
computer (Dell Optiplex 9020) controlled stimulus presentation
and response collection.

Procedure
Each trial began a memory display consisting of four colored
squares along the midline appeared for 150 ms. Participants
were instructed to memorize as many colored squares in the
memory display as possible. Participants had to remember the
items over a blank retention interval that contained a central
fixation dot. The retention interval lasted 2000 ms, regardless
of whether distractors appeared. In 50% of the trials, a distractor
display appeared 500 ms after memory display offset for 150 ms.
The distracting display consisted of four circles (50% of distrac-
tor trials) or four squares (50% of distractor trials) that appeared
laterally. This display was visually balanced by four iso-luminant
gray diamonds that appeared in the opposite hemifield. In half
of the trials, participants were instructed to ignore the distractor
displays (Ignore block). In the other half of the trials, participants
were instructed to discriminate the shape of the distractor items
(Discriminate block). After the retention interval, a probe display
appeared until response. In both Ignore and Discriminate blocks,
participants had to indicate whether the object at the probed
location of the attended hemifield changed color (“?/” key) or did
not change color (“z” key). In the Discriminate block, participants
additionally performed a go-no-go task. Before responding to the
probe, they had to press “space” to indicate that the distractor
objects were circles. If the distractor objects were squares, they
did not have to press any key. After participants responded,
the next trial started after a blank intertrial interval of 750 ms.
Participants completed a total of 1600 trials (20 blocks of 80
trials), that is, 800 trials with distractors and 800 trials without
distractors. The first half of the experiment was always the
Ignore blocks (task-irrelevant distractors), and the second half
of the experiment was always the Discriminate blocks (task-
relevant distractors). Information about average performance
and a minimum break of 30 s was provided after each block. See
Figure 1 for a visual depiction of the task.

We presented the distractors in locations that did not overlap
with the locations of the memory items to avoid visual mask-
ing. Importantly, the relative position of distractors and targets
matter in this kind of change detection tasks. When distractors
are presented laterally with targets on the vertical midline, the
neural signature of sustained distractor suppression can be iso-
lated (CDAp). Conversely, when distractors are presented on the
vertical midline and targets are presented laterally, the neural
signature of target processing can be isolated (Feldmann-Wüste-
feld and Vogel 2018). Accordingly, in Experiment 1, we were
interested in the neural representations of the distractors, so we
placed the distractors laterally. Thus, lateralized signals, such as
CDA and lateralized alpha power, could be used to assess item-
based and spatial capture elicited by the lateralized distractors.
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Figure 1. Task design for Experiment 1. At the start of each trial, the memory array appeared, which consisted of four colored squares along the midline. Participants

were told to remember the colors and locations of these squares over the brief delay. Following the memory array, the screen went blank. Then, either the screen
remained blank the entire delay (no distractor condition) or the screen remained blank for 500 ms (distractor condition) followed by a series of distractors presented
laterally. This distractor array consisted of either four colored squares or circles on one side of the screen and iso-luminant gray diamonds on the other side of the

screen. When participants were in the “Ignore” condition, they were told to always ignore these task-irrelevant distractor objects. When they were in the “Discriminate”
condition, they were told to determine the shape of the colored stimuli (squares vs. circles) in order to report whether the stimuli were circles. They were told to withhold
their response until the response screen appeared. Following the distractor array, the screen then went blank for the rest of the delay. On the final screen, one square
on the midline reappeared and could either be the same color as the original square or it could be a different color. In both conditions, participants had to report

whether the square on the cued side of the screen changed colors. In the “Discriminate” condition, participants additionally had to report whether the distractor were
circles, if there were distractor on that trial.

Artifact rejection

We recorded EEG activity from 30 active Ag/AgCl electrodes
(Brain Products actiCHamp) mounted in an elastic cap
positioned according to the International 10–20 system (Fp1,
Fp2, F7, F8, F3, F4, Fz, FC5, FC6, FC1, FC2, C3, C4, Cz, CP5, CP6,
CP1, CP2, P7, P8, P3, P4, Pz, PO7, PO8, PO3, PO4, O1, O2, Oz).
FPz served as the ground electrode and all electrodes were
referenced online to TP10 and re-referenced offline to the
average of all electrodes. Incoming data were filtered (low
cutoff = 0.01 Hz, high cutoff = 80 Hz, slope from low- to high-
cutoff = 12 dB/octave) and recorded with a 500 Hz sampling
rate. Impedances were kept below 10 kΩ. To identify trials that
were contaminated with eye movements and blinks, we used
electrooculogram (EOG) activity and eye tracking. We collected
EOG data with five passive Ag/AgCl electrodes (two vertical EOG
electrodes placed above and below the right eye, two horizontal
EOG electrodes placed ∼1 cm from the outer canthi, and one

ground electrode placed on the left cheek). We collected eye-
tracking data using a desk-mounted EyeLink 1000 Plus eye-
tracking camera (SR Research Ltd) sampling at 1000 Hz. Usable
eye-tracking data were acquired for 20 out of 22 participants in
Experiment 1 and 29 out of 30 participants in Experiment 2.

EEG was segmented offline with 2000 ms segments time-
locked to memory display onset, including a 200 ms prestimulus
baseline period. Eye movements, blinks, blocking, drift, and mus-
cle artifacts were first detected by applying automatic detection
criteria to each segment. After automatic detection, trials were
manually inspected to confirm that detection thresholds were
working as expected. Incorrect trials and any trial contaminated
with artifacts were excluded from analysis. For example, a trial
including a task-relevant distraction was only considered as
“correct” and included in further analyses if both the response
to the primary and the interrupting task were correct. The
removal of all trials with artifact(s) allowed us to ensure that
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there was not any missing data within any of the included
trial epochs.

For the participants used in analyses, we rejected on average
12.0% (SD = 12.7%) of trials in Experiment 1 and 27.0% (SD = 6.3%)
of trials in Experiment 2 per person. Collapsed across conditions,
this resulted in an average of 1408 remaining trials per person
in Experiment 1 and 1168 remaining trials in Experiment 2. In
order to achieve an acceptable signal-to-noise ratio, participants
were excluded if fewer than 150 correct trials were available in
any of the conditions. Collapsed across conditions, participants
in Experiment 1 were correct on 79.9% of all trials, and in Exper-
iment 2, they were correct on 78.7% of trials. Broken down by
condition, participants in Experiment 1 were correct on 82.4% of
trials without distractors and 77.3% of distractor-present trials.
In Experiment 2, they were correct on 83.2% of trials without
distractors and 74.3% of distractor-present trials.

Eye Movements
We used a sliding window step function to check for eye move-
ments in the horizontal electrooculogram (HEOG) and the eye-
tracking gaze coordinates. For HEOG rejection, we used a split-
half sliding window approach. We slid a 100 ms time window
in steps of 10 ms from the beginning to the end of the trial. If
the change in voltage from the first half to the second half of
the window >20 μV, it was marked as an eye movement and
rejected. For eye-tracking rejection, we applied a sliding window
analysis to the x-gaze coordinates and y-gaze coordinates (win-
dow size = 100 ms, step size = 10 ms, threshold = 0.5o of visual
angle).

Blinks
We used a sliding window step function to check for blinks in
the vertical electrooculogram (VEOG) (window size = 80 ms, step
size = 10 ms, threshold = 30 μV). We checked the eye-tracking
data for trial segments with missing data points (no position
data is recorded when the eye is closed).

Drift, Muscle Artifacts, and Blocking
We checked for drift (e.g., skin potentials) by comparing the
absolute change in voltage from the first quarter of the trial to
the last quarter of the trial. If the change in voltage exceeded
100 μV, the trial was rejected for drift. In addition to slow drift,
we checked for sudden step-like changes in voltage with a
sliding window (window size = 100 ms, step size = 10 ms, thresh-
old = 100 μV). We excluded trials for muscle artifacts if any
electrode had peak-to-peak amplitude >200 μV within a 15 ms
time window. We excluded trials for blocking if any electrode
had at least 30 time points in any given 200 ms time window
that were within 1 V of each other.

Behavioral Data Analysis

We separately analyzed performance for four separate condi-
tions: trials without distractors in the ignore block, trials with
distractors in the ignore block (task-irrelevant distractors), tri-
als without distractors in the discriminate block, and trials
with distractors (task-relevant distractors) in the discriminate
block. Performance was converted to a capacity score, K, cal-
culated as N × (H-FA), where N is the set size, H is the hit
rate, and FA is the false alarm rate (Cowan 2001). To compare
performance between conditions, we used a two-way analysis
of variance (ANOVA) with the within-subjects factors Distraction
(relevant vs. irrelevant) and Relevance (ignore vs. discriminate).

All analyses were done with circle and square distractors col-
lapsed, since the circles and squares were equiprobable (cir-
cles: 50% of distractor trials, squares: 50% of distractor trials).
We additionally ran two-tailed follow-up t-tests when it was
justified.

Lateralized event-related potential (ERP) Analyses

Segmented EEG data was baselined from 200 to 0 ms before the
onset of the memory displays. Artifact-free EEG segments were
averaged separately for the two conditions when distractors
appeared (irrelevant vs. relevant). Data was not analyzed for
trials without distractors because “laterality” was undefined in
this condition. The difference between contralateral and ipsilat-
eral activity for the electrode pair PO7/PO8 was calculated (i.e.,
the CDA), resulting in two average waveforms for each partici-
pant (one per analyzed condition). The average CDA amplitude
was calculated for three time windows: before distractor onset
(400–650 ms), and two windows following distractor offset (850–
950 ms and 1050–1300 ms). Previous research has shown that
CDA amplitude should stabilize ∼400 ms after memory array
onset. To measure CDA after it is stabilized, we chose a time
window starting 400 ms after onset of the memory array. We
wanted to measure an analogous time window following the
onset of the distractors (i.e., 400 ms after distractor onset), which
is why we chose the time window 1050–1300 ms. For all of these
time windows, we then compared the CDA across conditions
with a paired samples t-test. To measure the robustness of the
CDA for each condition (reliable difference between contra- and
ipsilateral activity), we also ran t-tests (against zero) for each
time window and condition. These t-tests are two-tailed, unless
otherwise stated. We corrected for multiple comparisons using
a Bonferroni correction. We applied this correction to the two
postdistractor time windows. Thus, P values <0.025 from these
two postdistractor time windows are considered significant. The
predistractor time window (400–650 ms) was not included in
our correction for multiple comparison because it is logically
impossible for there to be differences across conditions in this
time window because participants were not able to predict when
they would be distracted on any given trial. We analyzed this
time window so as to obtain a measure of noise. We would
also like to note that a Bonferroni correction in this case is
extremely conservative, as we had strong a priori expectations
about when to expect an effect in the postdistraction I (850–
950 ms) time window (Feldmann-Wüstefeld and Vogel 2018). We
also chose the postdistraction II (1050–1300 ms) time window
before analyzing the data, though this analysis window was
more exploratory.

On trials with distractors, we additionally analyzed the PD

and the N2pc. To calculate these signals, we used a data-driven
approach from previous research to specify the specific time
windows of interest (Feldmann-Wüstefeld and Vogel 2018). To
calculate the lateralized waveform (contra- minus ipsilateral to
colored distractors) for electrodes PO7/PO8, across participants
and conditions, we determined the peak of the PD and N2pc as
the most positive or negative peak, respectively, 200 to 350 ms
after distractor onset across both conditions. The average ampli-
tude from 20 ms before to 20 ms after that peak was used for
statistical analyses on the PD and the average amplitude from
50 ms before to 50 ms after that peak was used for statistical
analyses on the N2pc. As an exploratory analysis, we also plot-
ted ERP topographies for both experiments (see Supplemental
materials Figures 1 and 3).
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Lateralized Alpha Power Analysis

For the alpha power analyses, we did not baseline the segments.
The raw EEG signal was band-pass filtered in the alpha band
(8–12 Hz) using a two-way least-squares finite-impulse-
response filter (“eegfilt.m”from EEGLAB Toolbox). Instantaneous
power was then extracted by applying a Hilbert transform
(“hilbert.m”) to the filtered data. The resulting data were
averaged separately for the two conditions when distractors
appeared (relevant vs. irrelevant distractors) and each laterality
(contra- vs. ipsilateral to cued hemifield) for the electrode pair
PO7/PO8. Average alpha power was calculated for two of the
same time windows as the CDA analysis: before distractor
onset (400–650 ms) and postdistractor offset I (850–950 ms).
Previous research has not investigated lateralized alpha power
while participants maintained WM representations that were
presented centrally. Therefore, even though we chose our time
windows before analyzing our results, in this experiment, we did
not have strong a priori predictions about the timing of alpha
power lateralization following the onset of lateralized distrac-
tors. In addition, even when relevant memoranda are presented
laterally, alpha power takes up to 1000 ms after memory array
onset to become fully lateralized (Hakim et al. 2019a, 2019b).
Therefore, the third time window that we analyzed extended to
included up to 1000 ms after distractor onset (1050–1650 ms). We
then compared alpha power lateralization for each time window
with a paired samples t-test. To measure the robustness of
alpha power lateralization for each condition (reliable difference
between contra- and ipsilateral activity), we also ran t-tests
(against zero) for each time window and condition. These t-
tests are two-tailed, unless otherwise stated. Once again, we
corrected the two postdistractor time windows for multiple
comparisons using a Bonferroni correction for two comparisons
(significance threshold: P < 0.025). As an exploratory analysis,
we also plotted the topography of alpha power across the entire
scalp (see Supplemental Materials Figures 2 and 4).

Results
Behavior

Behavioral performance was significantly above chance in
all conditions (all one-sample t-tests, P ≤ 0.001). Participants
remembered fewer items when they were distracted (M = 1.95,
SD = 0.61) than when they were not distracted (M = 2.66,
SD = 0.60). This difference was larger when the distractors had
to be discriminated (�M = 1.001, SD = 0.297) than when they
could be ignored (�M = 0.419, SD = 0.293). This was evident
from the significant interaction of Distraction and Relevance
(F(1,19) = 55.725, P < 0.001, ηp

2 = 0.746) and from the significant
follow-up paired samples t-test (t(19) = −7.465, P < 0.001). This
t-test compared the difference between trials with and without
distractors in the Ignore and the Discriminate conditions.
The main effects of Distraction and Relevance were also
significant (both P < 0.001). In addition, participants were 95.0%
(±1.4%) accurate on the distractor task. Behavioral results for
Experiment 1 are depicted in Figure 2.

Lateralized ERP

In this experiment, we analyzed lateralized alpha power, the
CDA, PD, and N2pc. For all of the below analyses, we calcu-
lated the difference between contralateral and ipsilateral activ-
ity (see Fig. 3 for all neural results from Experiment 1, including
average and standard error of the mean of the time course

Figure 2. Behavioral results from Experiment 1. Behavioral performance (K score)
across the four conditions. Participants remembered fewer items when they

were distracted than when they were not distracted. This impact of distraction
was larger when participants had to discriminate the distractors than when they
could ignore them. Average K score is represented by the horizontal black line
and the black error bars reflect the standard error of the mean. The distribution

of K scores in each condition for all participants is represented by the violin plots.
Light gray lines connect data from one participant across conditions.

for each condition) and then took the difference (contralat-
eral − ipsilateral). We then analyzed this difference value for
the two conditions when distractors were presented (relevant
vs. irrelevant) to determine whether there were any lateral-
ized differences between conditions at each time window. To
determine whether the signals were significantly lateralized, we
additionally calculated one-way t-tests for each condition.

Predistractor (400–650 ms)
Before distractor onset (400–650 ms), there were no lateralized
ERPs in either condition (Ignore: t(19) = −1.78, P = 0.09, d = −0.40;
Discriminate: t(19) = 0.51, P = −0.62, d = 0.11), and there was
no difference between trials with task-relevant versus task-
irrelevant distractors (t(19) = −1.53, P = 0.14, d = 0.24). This is
what we expected because the memory array was presented
centrally and the lateralized distractors had not yet appeared.

Postdistractor I (850–950 ms)
During this time window (equivalent to 200–300 ms post-
distraction, typically used for attention components), we
observed a robust difference in lateralization between trials
with task-relevant and task-irrelevant distractors (t(19) = 3.19,
P = 0.005, d = 0.71). On trials with task-irrelevant distractors, the
lateralized ERP was positive (M = 0.24 ± 0.45), and it was negative
on trials with task-relevant distractors (M = −0.44 ± 0.98),
suggesting the presence of an N2pc and PD, respectively. To
confirm this, we calculated the PD and N2pc in specific a priori
time windows (see Methods for detail). One-way, one-sample
t-tests against zero confirmed that there was a reliable PD when
task-irrelevant distractors were presented (t(19) = 3.19, P = 0.002,
d = 0.71) and no PD when task-irrelevant distractors were
presented (t(19) = −1.65, P = 0.94, d = −0.37). In addition, there
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Distracting Working Memory Hakim et al. 7

Figure 3. EEG results from Experiment 1. Average CDA amplitude over time for trials (b) with and (a) without distractors. The light color envelopes around each line

represent standard error of the mean for each condition. The first vertical gray bar (0–150 ms) represents when the memory array was on the screen, and the second
gray bar (650–800 ms) represents when the distractors were on the screen, if there were distractors on that trial. The orange vertical bars represent the analyzed time
windows (400–650 ms; 850–950 ms; and 1050–1300 ms). Lateralized alpha power over time for trials (d) with and (c) without distractors.

was a reliable N2pc when task-relevant distractors were
presented (t(19) =−2.45, P = 0.01, d = −0.55), but not when task-
irrelevant distractors were presented (t(19) = 2.37, P = 0.99,
d = 0.53).

Postdistractor II (1050–1300 ms)
In this time window, there was a significant difference in later-
alization between trials with task-relevant and task-irrelevant
distractors (t(19) = 4.32, P < 0.001, d = 0.97). The CDA was more
lateralized when the task-relevant distractors were presented
(M = −0.59 ± 0.55) than when task-irrelevant distractors were
presented (M =−0.08 ± 0.30). In fact, the CDA was reliable on
trials with task-relevant distractors (one-sample: t(19) = −4.81,
P < 0.001, d = −1.08), but not on trials with task-irrelevant dis-
tractors (one-sample: t(19) = −1.13, P = 0.27, d = −0.25).

Lateralized Alpha Power

Predistractor (400–650 ms)
Before distractor onset (400–650 ms), alpha power was not
significantly lateralized in either condition (Ignore: t(19) = 1.13,
P = 0.27, d = 0.25; Discriminate: t(19) = −0.57, P = 0.57, d = −0.13),
and there was no difference between trials with task-relevant
versus task-irrelevant distractors (t(19) = 0.991, P = 0.33, d = 0.22).
This was expected because the memory array was presented
centrally, and the lateralized distractors had not yet appeared.

Postdistractor I (850–950 ms)
Immediately following distraction (850–950 ms), alpha power
was not significantly lateralized in either condition (one-
tailed t-tests against zero: Ignore: t(19) = 1.20, P = 0.12, d = 0.27;

Discriminate: t(19) = 1.50, P = 0.08, d = 0.33), and lateraliza-
tion did not vary between conditions (t(19) = −0.23, P = 0.82,
d = −0.05).

Postdistractor II (1050–1650 ms)
Towards the end of the trial (1050–1650 ms), alpha power was
significantly lateralized in both conditions, consistent with a
shift of spatial attention towards the distractors (one-tailed
tests against zero: Ignore: t(19) = −2.33, P = 0.015, d = −0.52; Dis-
criminate: t(19) = −2.24, P = 0.019, d = −0.50). Interestingly, there
was no difference in lateralization between the two conditions
(paired samples t-test: t(19) = −0.89, P = 0.40, d = −0.20).

Conclusions
In Experiment 1, participants performed a WM change detection
task with distractors that appeared during the delay on a sub-
set of trials. Behaviorally, participants remembered fewer items
when they were distracted than when they were not distracted.
This negative impact of distraction on behavior was larger when
participants discriminated the task-relevant distractors than
when they ignored task-irrelevant distractors.

The lateral position of the distractors allowed us to assess
how they were processed using a suite of lateralized ERP sig-
nals. Task-relevant distractors elicited an N2pc followed by a
sustained CDA when they had to be discriminated. This sug-
gests that participants attend task-relevant distractors and then
encode them into visual WM. Conversely, when task-irrelevant
distractors were presented, there was a PD instead of an N2pc
and no CDA. Thus, task-irrelevant distractors were actively sup-
pressed from being encoded into visual WM. In contrast, there
is evidence that spatial attention may be captured regardless
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of whether the distractors were task relevant, as shown by
a decline in alpha power contralateral to the position of the
distractors.

These findings suggest that observers could exert attentional
control over whether the distractors entered into WM, and
that this could be accomplished even when the distractors
captured spatial attention. Thus, these findings converge
with prior work that has pointed towards distinct compu-
tational roles for CDA and alpha activity, with the former
associated with item-based storage, and the latter associated
with covert spatial attention (Günseli et al. 2019; Hakim
et al. 2019a).

Experiment 2
The relevance manipulation in Experiment 1 was a dual-task
design, as it required participants to maintain information
about two different tasks when task-relevant distractors were
presented. With this kind of manipulation, participants could
always try to optimize their performance by trading off between
the two tasks on some portion of trials, especially during the
relevant condition blocks. It is possible that participants simply
chose to utilize an “offline” strategy on some trials in which
they did not attempt to actively maintain the target items so
that they could dedicate resources to the discrimination task.
This strategy may be less likely in the irrelevant condition
when subjects knew they do not need to do anything with the
distractor items. Such a difference in strategy could plausibly
explain why we observe a CDA to the task-relevant distractors
and not for the task-irrelevant distractors. It is also generally
consistent with our finding that the behavioral deficit was
largest for the relevant condition. If this were the case, it
would suggest that the results of Experiment 1 were the result
of general strategic differences between the conditions that
occur prior to distraction rather than the impact of the relevant
distractors themselves. Therefore, in Experiment 2, we tested
whether participants in the relevant condition actively encoded
the target items into WM prior to the onset of the distractors,
or whether they chose not to actively encode or maintain
the target array in anticipation of making the discrimination.
Therefore, the key question in Experiment 2 is whether there are
differences in the CDA and alpha power lateralization between
the ignore and discriminate conditions during the predistractor
period. If participants did not actively store the memory array
items in WM predistractor, the CDA should be reduced or elimi-
nated in the relevant condition as compared with the irrelevant
condition.

Materials and Methods
Participants

A total of 29 volunteers, naïve to the objective of the experiment,
participated for payment ($15 USD per hour). The data from
eight participants were excluded from the analysis because
of too many artifacts (same criteria as Experiment 1). The
remaining 21 participants (nine male) were between the
ages of 30 and 18 (M = 22.1, SD = 3.9). We recruited partic-
ipants from the same subject pool as Experiment 1, and
we permitted participants from Experiment 1 to participate
in Experiment 2. In total, four participants completed both
experiments.

Apparatus and Stimuli

The apparatus was identical to Experiment 1. Stimuli (Fig. 4)
were also identical to Experiment 1 with the following excep-
tions. We were interested in the neural representations of the
memory array items. Therefore, we presented the memory array
items laterally and the distractors centrally. Thus, CDA ampli-
tude can be interpreted as encoding and maintenance of the
memory array and lateralization of alpha power can be inter-
preted as a shift of attention towards laterally presented mem-
ory items. Therefore, at the beginning of the experiment, a
horizontal diamond comprised of a green (RGB = 74, 183, 72;
52.8 cd/m2) and a pink (RGB = 183, 73, 177; 31.7 cd/m2) triangle
appeared on the vertical midline 0.65◦ above the fixation dot.
In 50% of the trials, the pink triangle pointed to the left side
and the green triangle pointed to the right side, and in the
remaining 50% of the trials, this was inverse. Half the partic-
ipants were instructed to attend the hemifield that the pink
triangle pointed to, and the other half was instructed to attend
the hemifield to which the green triangle pointed. Memory
displayed showed an array of three colored squares in each
hemifield. Within each hemifield, there were one or two squares
in the upper quadrant and two or one square in the lower
quadrant. Squares could appear within an area of the display
subtending 6o to the left or right of fixation and 3.1o above
and below fixation. The distractor display showed four colored
squares of the same size as the ones from the memory display
along the midline of the screen, drawn from the remaining
colors. These distracting items were shown on the vertical mid-
line with a randomly jittered horizontal offset of maximally
0.55◦ (half of an object). Probe displays showed one colored
square in each hemifield in the same location as one of the
squares, randomly picked, in the original array. The color of
the square in the unattended hemifield was the same as the
original square on 50% of trials, and different on the other
50% of trials.

Procedure

The procedure was identical to Experiment 1 with the following
exception. Each trial began with a cue display (500 ms) indicating
the to-be-attended side of the screen (left or right).

Artifact Rejection and Analyses

Artifact rejection and analyses were identical to Experiment 1
with the following exceptions. Since circle distractors were only
10% of distractor trials and required an additional response,
we only included square distractor trials in all analyses. In
addition, we analyzed EEG data in all four conditions because
stimuli were presented laterally in all cases. We compared
conditions with a repeated measures ANOVA with the within-
subjects factors Distraction (distractors vs. no distractors)
and Relevance (ignore vs. discriminate). For alpha power, we
analyzed all of the same time windows as the CDA because
previous research has directly investigated the time course of
alpha lateralization following centrally presented distractors
(Hakim et al. 2020). Finally, we did not analyze the PD and N2pc
because distractors were presented centrally in this experiment.
We corrected all of the ANOVA results in the two postdistractor
time windows for multiple comparisons using a Bonfer-
roni correction for two comparisons (significance threshold:
P < 0.025).
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Distracting Working Memory Hakim et al. 9

Figure 4. Task design for Experiment 2. At the start of each trial, a cue appeared above the fixation dot, which indicated to participants which side of the screen
they should attend. Participants either attended to the green or purple side (counterbalanced across participants). Following the cue, the memory array appeared,

which consisted of three colored squares on each side of the screen. Participants were told to remember the colors of the squares on the cued side. Following
the memory array, the screen went blank. Then, either the screen remained blank the entire delay (no distractor conditions) or the screen went blank for 500 ms
(distractor conditions) followed by a series of four objects (circles or squares) along the midline. When participants were in the “Ignore” condition, they were told
to always ignore these distractor objects. When they were in the “Discriminate” condition, they were told to determine the shape of the stimuli in order to report

whether the stimuli were circles. They were told to withhold their response until the response screen appeared. Following distractors, the screen then went blank
for the rest of the delay. On the final screen, one square on either side of the screen reappeared and could either be the same color as the original square or it
could be a different color that did not appear in the display. In both conditions, participants had to report whether the square on the cued side of the screen
changed colors. In the “Discriminate” condition, participants additionally had to report whether the distractor objects were circles, if there were distractors on

that trial.

Results
Behavior

Behavioral performance was significantly above chance in
all conditions (all one-sample t-tests, P ≤ 0.001). Participants
remembered fewer items when they were distracted
(M = 1.62 ± 0.66) than when they were not distracted (M = 1.94 ±
0.65), significant main effect of Distraction (F(1,20) = 100.21,
P < 0.001, ηp

2 = 0.83). Participants also remembered fewer items
when they had to discriminate the distractors (M = 1.69 ± 0.64)
than when they could ignore the distractors (M = 1.87 ± 0.63),
significant main effect of Relevance (F(1,20) = 10.20, P = 0.005,
ηp

2 = 0.34). The difference between trials with and without dis-
tractors was significantly larger when the task-relevant distrac-
tors had to be discriminated (�M = 0.479 ± 0.221) than when the
task-irrelevant distractors could be ignored (�M = 0.177 ± 0.258),
significant interaction of Distraction and Relevance (F(1,20) =
13.67, P = 0.001, ηp

2 = 0.406). The significant follow-up t-test
showed that the difference between trials with and without

distractors was significantly larger in the Ignore than the
Discriminate condition (t(20) = −3.698, P = 0.001). In addition,
participants were 93.6% (±3.5%) accurate on the distractor
task. Behavioral results from Experiment 2 are depicted
in Figure 5.

Lateralized ERP

Just as in Experiment 1, we ran a repeated measures ANOVA
with the factors Distraction (no distraction, distraction) and
Relevance (ignore, discriminate) to determine whether there
were any differences between conditions at each time point.
In this experiment, we analyzed lateralized alpha power and
CDA. To determine whether the signals were significantly later-
alized, we additionally calculated one-way t-tests for each con-
dition. Results displayed in Figure 6 (figure includes the average
and standard error of the mean of the time course for each
condition).
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Figure 5. Behavioral results from Experiment 2. Behavioral performance (K score)

across the four conditions. Participants remembered fewer items when they
were distracted than when they were not distracted. This impact of distraction
was larger when participants had to discriminate the distractors than when they
could ignore them. Average K score is represented by the horizontal black line

and the black error bars reflect the standard error of the mean. The distribution
of K scores in each condition for all participants is represented by the violin plots.
Light gray lines connect data from one participant across conditions.

Predistractor (400–650 ms)
The CDA was reliable in all conditions (all one-sample t-tests,
P ≤ 0.001), and CDA amplitude did not vary between conditions
(main effect of Distraction and Relevance and their interaction,
all P ≥ 0.24).

Postdistractor I (850–950 ms)
CDA amplitude was larger in the ignore condition (M =−0.90 ±
0.76) than in the discriminate (M = −0.59 ± 0.79), regardless of
whether distractors appeared (significant main effect of Rel-
evance: F(1,20) = 2.08, P = 0.02, ηp

2 = 0.23). The main effect of
Distraction and the interaction of Distraction and Relevance
were not significant (both P ≥ 0.12).

Postdistractor II (1050–1300 ms)
CDA amplitude was larger on trials without distractors
(M = −0.83 ± 0.51) than on trials with distractors (M = −0.22 ± 0.73),
regardless of relevance (significant main effect of Distraction:
F(1,20) = 17.73, P < 0.001, ηp

2 = 0.47). The main effect of Relevance
was trending, but not significant (F(1,20) = 3.65, P = 0.07,
ηp

2 = 0.15), and the interaction of Distraction and Relevance
was not significant (F(1,20) = 0.29, P = 0.69, ηp

2 = 0.01). When
distractors were not present, there was a reliable CDA regardless
of condition (both P ≤ 0.001).

Lateralized Alpha Power

Predistractor (400–650 ms)
Before the distractors appeared (400–650 ms), alpha power was
significantly lateralized in all conditions (all P ≤ 0.004), and later-
alization did not vary between condition (main effect of Distrac-
tion and Relevance and their interaction were not significant, all
P ≥ 0.25).

Postdistractor I (850–950 ms)
Immediately following distractors (850–950 ms), alpha power
was more lateralized on trials without distractors (M = −25.39 ±
33.33) than on trials with distractors (M = −3.71 ± 6.89), regard-
less of relevance (significant main effect of Distraction:
F(1,20) = 9.37, P = 0.006, ηp

2 = 0.32). The main effect of Relevance
and the interaction of Relevance and Distraction were not
significant (both P ≥ 0.42).

Postdistractor II (1050–1300 ms)
Toward the end of the delay (1050–1300 ms), alpha power was
more lateralized on trials without distractors (M = −13.66 ± 24.62)
than on trials with distractors (M = −3.77 ± 12.11; significant
main effect of Distraction: F(1,20) = 5.98, P = 0.02, ηp

2 = 0.23),
regardless of relevance. The main effect of Relevance and the
interaction of Relevance and Distraction were not significant
(both P ≥ 0.98). Follow-up one-sample t-tests revealed that alpha
power was significantly lateralized on trials without distractors
(both P ≤ 0.03), but not on trials with distractors (both P ≥ 0.09),
regardless of relevance. To summarize, the presentation of the
central distractors disrupted alpha lateralization towards the
target locations, and this effect did not depend on whether the
distractors were task relevant.

Conclusions
In Experiment 2, we were interested in whether the relevance of
the distractors affected the likelihood of encoding and maintain-
ing target information in WM. The relevant distractor condition
in our two experiments is similar to a dual-task design as partic-
ipants have to maintain information about two separate tasks.
Participants could decide to drop information about the initial
target array in order to encode the new distracting information
from the second task. Alternatively, they could attempt to sus-
tain the initial WM representations at the expense of sufficiently
attending the relevant distractors. How did participants address
this trade-off between tasks in the present study?

Before the distractors appeared, there was no difference in
CDA amplitude or alpha power lateralization between the ignore
and discriminate conditions. There was a clear CDA and alpha
power lateralization for both conditions, with no differences
between them. This indicates that in both conditions, partici-
pants encoded and maintained lateralized WM representations
and sustained their attention. Differences between conditions
only emerged after the time when distractors were supposed
to appear. Therefore, the results from Experiment 1 are not
simply due to a dual-task trade-off between the encoding and
maintenance of the memory array and the distractors.

The distractors always appeared at the same time during
the delay. Therefore, participants could anticipate when they
might be distracted. Around the time when distractors typically
appeared, the CDA was smaller when participants anticipated a
relevant distractor than when they anticipated a task-irrelevant
distractor. During this same time window, alpha power lat-
eralization depended on the presence of distractors. Towards
the end of the trial, however, both CDA amplitude and alpha
power lateralization were closer to baseline when distractors
were present than when they were not, regardless of relevance.
Overall, when participants anticipate that they may have to
integrate new information into WM, they hold less information
about the target array around the time that they think new
information will appear, even if this new information does not
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Figure 6. EEG results from Experiment 2. CDA amplitude over time for trials (b) with and (a) without distractors. The light color envelopes around each line represent
standard error of the mean for each condition. The first vertical gray bar (0–150 ms) represents when the memory array was on the screen, and the second gray bar
(650–800 ms) represents when the distractors were on the screen, if there were distractors on that trial. The orange vertical bars represent the analyzed time windows

(400–650 ms; 850–950 ms; and 1050–1300 ms). Lateralized alpha power over time for trials (d) with and (c) without distractors.

appear. However, toward the end of the trial, relevance no longer
impacts the likelihood of sustaining attention or maintaining
information about the target array. Overall, we can rule out the
alternate explanation of Experiment 1 that participants prema-
turely drop information about the target array when relevant
distractors are presented. Participants were clearly attending
and maintaining memoranda even when relevant distractors
appeared.

Discussion
The key finding of the present study was that processing of
stimuli that disrupt ongoing WM representations depended on
their relevance. Task-relevant distractors were encoded and
maintained in WM, whereas task-irrelevant distractors were
suppressed and never entered WM. On the other hand, spatial
attention was captured regardless of stimulus relevance. In
Experiment 2, we investigated whether participants in the
relevant condition of Experiment 1 actively encoded and
maintained memory items prior to the onset of the distrac-
tors. We found that predistractor, there were no differences
between conditions. Participants encoded and maintained WM
representations and sustained attention to the memory items
equally in both conditions. Differences between conditions
only emerged after distractor onset, indicating that the results
from Experiment 1 are not solely driven by a dual-task trade-
off between the maintenance of the memory array and the
distractors.

We observed distinct effects of distraction on lateralized ERP
signals and lateralized alpha power in these experiments. The
results converge with past proposals of a distinction between
item-based and spatial capture of attention (Hakim et al. 2019a,

2020). In our procedure, alpha oscillations showed that distrac-
tors captured spatial attention, regardless of task relevance.
By contrast, the formation of item-based representations in
WM was completely determined by task relevance, such that
encoding into WM was suppressed when observers could
ignore the distractors. Interestingly, both item-based storage
and spatial attention towards the memoranda were eventually
disrupted by the presentation of the distractors, regardless of
whether a dual task was imposed.

Spatial Capture by Task-Relevant and Task-Irrelevant
Distractors

In Experiment 1, we directly investigated how distractors are
processed. In this experiment, we found that alpha power
was significantly lateralized following the onset of both task-
relevant and task-irrelevant distractors. This result provides
evidence that spatial attention shifted to the location of
both the relevant and irrelevant distractors. We designed our
distractors to be very similar to the original memoranda in
order to induce a large behavioral deficit on distractor trials
compared with nondistractor trials. Previous research has
shown that when distractors share features with memoranda
(Soto et al. 2008; Olivers and Eimer 2011; van Moorselaar
et al. 2015; Hollingworth and Beck 2016) or are part of the
attentional set (Folk and Remington 1998; Folk et al. 2008), spatial
attention can be captured at the location of the distractors.
However, the similarity between targets and distractors is a
continuum (Duncan and Humphreys 1989) and attentional
capture increases with target–distractor similarity (Ludwig and
Gilchrist 2002; Ansorge and Heumann 2003). In the present study,
relevant distractors were the same shape as the targets and drew
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their color from the same pool of colors as the targets, that is,
they had potential target colors. However, no distractors were
ever the same color as a target within a trial. Nevertheless, the
finding that spatial attention was captured by both types of
distractors may be partially due to the fact that even irrelevant
distractors were perceptually similar enough to the targets (i.e.,
contingent capture). Future research should determine whether
spatial attention is necessarily captured when distractors do
not share any similarities with currently maintained WM
representations. Understanding whether spatial and item-
based attention are captured along the entire continuum is an
important question as it will give insight into the question of
how features are weighted in WM and how this affects attention
deployment.

Voluntary Control of Item-Based Capture

In Experiment 1, irrelevant distractors elicited a PD, suggesting
that they were actively suppressed. Relevant distractors, how-
ever, first elicited an N2pc, which indicates that these items
were individuated. The subsequent lateralized negativity then
transitioned into a CDA, suggesting that distractors were not
only individuated but also encoded into WM. These results illus-
trate that participants dynamically respond to task demands by
suppressing irrelevant distractors from WM and only encoding
relevant distractors into WM. Even when salient stimuli cap-
tured spatial attention, participants still had voluntary control
over whether to store that information in WM. These results
are in line with previous findings showing that successful sup-
pression of irrelevant information can contribute to better per-
formance (Sawaki and Luck 2012; Gaspar and McDonald 2014;
Feldmann-Wüstefeld et al. 2016; Weaver et al. 2017). For example,
when target identity is correctly reported in a visual search
task, a concurrently presented salient distractor elicits a pro-
nounced PD component, indicative of active suppression (Feld-
mann-Wüstefeld et al. 2020). Conversely, when the distractor
identity is erroneously reported, distractors elicit a CDA and a
less pronounced PD, suggesting that the distractor was encoded
into WM.

Our results also nicely align with the WM gating litera-
ture. This literature provides a framework to explain which
information is allowed to enter WM and which information is
blocked (O’Reilly and Frank 2006; Badre 2012; Chatham et al.
2014; Chatham and Badre 2015). According to this account, the
WM gate is the mechanism by which irrelevant information is
blocked from entering. When the WM gate is open, it allows
information to enter WM. When it is closed, ongoing WM rep-
resentations are sustained, whereas irrelevant information is
blocked (Badre 2012). The WM gating literature has mostly used
functional magnetic resonance imaging to demonstrate which
parts of the brain are involved in WM gating and maintenance
and has not distinguished between WM gating and capture of
spatial attention. Our results suggest that we may be able use
EEG activity to track WM gating as well. We propose that the
CDA tracks how much information passes through the gate,
whereas the PD reflects the gate itself. Previous research has
shown that PD amplitude scales with the number of items that
were blocked from entering WM (Feldmann-Wüstefeld et al.
2019). Therefore, PD amplitude may reflect how firmly the WM
gate was closed. Conversely, the CDA could reflect how much
information is encoded into WM, with relevant information
more likely to pass through the gate. Our results suggest that
how firmly the gate is closed can be controlled in a top-down

manner, whereas other factors, such as physical salience, deter-
mine how much information enter WM. Future research could
investigate the precise temporal dynamics of WM input and
output gating using these proposed EEG signals. For example,
if the WM gate accidentally allows irrelevant information into
WM, how long is that information maintained in WM before it
is dropped?

Is Attentional Capture Obligatory?

Our findings provide a new framework in which we can investi-
gate attentional capture. We propose that attentional capture is
comprised of item-based and spatial capture. Item-based cap-
ture involves forming WM representations of the new stimuli.
Based on our findings, item-based capture appears to be subject
to voluntary attentional control. It allows relevant stimuli to
enter WM, whereas irrelevant stimuli are suppressed. We also
have clear evidence that, in our specific task context, spatial
capture occurred when distractors were present, regardless of
top-down goals. However, whether spatial capture merely hap-
pened because of perceptual salience (i.e., bottom-up capture) or
whether similarity with task-relevant items (continent capture)
contributed to attention deployment is unclear and should be
the focus of future research. Thus, WM gating can successfully
block irrelevant information, even when spatial attention is
captured. From our perspective, information needs to be held
in WM in order for it to be processed. Therefore, if distracting
stimuli are not encoded into WM via item-based capture, they
are not fully processed, even if they captured spatial attention.
Selecting an item using spatial attention is necessary, but not
sufficient, to encode it into WM.

We investigated item-based and spatial capture during main-
tenance of ongoing WM representations. However, the majority
of the attentional capture literature has investigated this pro-
cess during encoding. Therefore, future research could apply this
new framework of attentional capture to investigate item-based
and spatial capture during encoding. This could potentially pro-
vide insight into the ongoing debate about whether attentional
capture during encoding is obligatory (Hickey et al. 2009; Sawaki
et al. 2012; Feldmann-Wüstefeld and Schubö 2013; Gaspar and
McDonald 2014; Gaspelin et al. 2015, 2017; Liesefeld et al. 2017;
Gaspelin and Luck 2018; Feldmann-Wüstefeld et al. 2020). We
hypothesize that the ways in which the two subcomponents
of attentional capture (item-based and spatial capture) respond
during encoding should be similar to how they respond during
maintenance. That is, we hypothesize that during encoding,
spatial capture may happen regardless their relevance, whereas
item-based capture may be subject to voluntary attentional
control.

To further elucidate the neural mechanism underlying WM
performance, future research could also compare the EEG signal
for accurate versus inaccurate responses. In the current study,
behavioral performance was very high (mean accuracy of 79.9%
and 78.7% in Experiments 1 and 2), which means that an insuf-
ficient number of trials was available for a reliable comparison.
A direct comparison of correct and incorrect trials could reveal
which cognitive mechanism is involved in WM failures. For
example, previous research found that the PD component is
smaller on incorrect than on correct trials in a visual search
task (Feldmann-Wüstefeld et al. 2019). For the present research
question, it could be particularly insightful to compare CDA
and alpha-band activity between correct and incorrect trials to
reveal whether item-based or spatial attention contribute more
to behavioral errors.
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Impact of Distractors on Ongoing WM Representations

Previous research has demonstrated that salient distractor stim-
uli interfere with object representations in WM and cause atten-
tion to shift away from maintained representations (Hakim
et al. 2019a). Our work replicates and extends these findings by
adding a top-down perspective. Participants had to either attend
(relevant) or ignore (irrelevant) distractors. Here, we show that
the CDA, a neural measure of WM load, was initially influenced
by top-down goals. When participants anticipated that they may
have to encode additional information into WM, the CDA was
smaller than when participants knew that distractor stimuli
could be ignored. However, the CDA was at baseline toward
the end of trials that contained both relevant and irrelevant
distractors. This suggests that both types of distractors harmed
lateralized object representations of the memoranda. However,
towards the end of the trial, alpha power, a neural measure
of spatial attention, shifted to baseline following both relevant
and irrelevant distractors, suggesting that participants shifted
their attention away from the locations of the original mem-
oranda, regardless of whether the distractor information was
relevant. These results illustrate that the observers’ goals deter-
mine the encoding of item-based representations, even when
spatial attention is captured. Toward the end of the trial, how-
ever, distractors harm both spatial attention and the object rep-
resentations of the memoranda, regardless of top-down goals.

Subcomponent Processes of Attentional Capture

Our two experiments provide evidence that attentional capture
may be comprised of at least two distinct subcomponent pro-
cesses: item-based capture and spatial capture. Future research
should investigate how these subprocesses interact with other
forms of attention, such as sustained attention and vigilance.
For example, previous research has found that participants with
lower executive WM capacity tend to mind-wander more than
those with higher executive WM capacity (Kane et al. 2007;
McVay and Kane 2009, 2010). Does an analogous relationship
exist between spatial attention and mind-wandering? In addi-
tion, if a participant is in a high attentional state, is their spatial
attention less likely to be captured? Thus far, research on sus-
tained attention, spatial attention, and mind-wandering have
largely developed in parallel. The type of experimental design
that we used in the current study may provide a fruitful avenue
to integrate these currently disparate views of attention.

Conclusions
Previous research has treated attentional capture as a mono-
lithic process. Here, we present new evidence that there are at
least two subcomponent processes of attentional capture that
are neurally dissociable: spatial capture and item-based capture.
Lateralized alpha power indexes spatial capture, a process that
involves a shift of spatial attention. By contrast, item-based
capture is tracked by the N2pc and CDA when item-based rep-
resentations are deemed relevant and allowed to enter WM,
whereas the PD tracks the active suppression of items from WM.
This fractionation of attentional capture into distinct subcom-
ponent processes provides a framework by which the fate of
ongoing WM processes after distractors can be explained. We
show that relevant distractors trigger both of these dissociable
processes. Irrelevant distractors, however, only trigger spatial
capture.
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